Background: Adenoviruses (AdV) are broadly employed as gene delivery vectors. Results: Copy numbers of all AdV proteins were measured, and the release of proteins upon heat stress investigated.
Using high-resolution MS-based proteomics in combination with multiple protease digestion, we profiled, with on average 90% sequence coverage, all 13 viral proteins present in an human adenovirus (HAdV) vector. This in-depth profile provided multiple peptide-based evidence on intrinsic protease activity affecting several HAdV proteins. Next, the generated peptide library was used to develop a targeted proteomics method using selected reaction monitoring (SRM) aimed at quantitative profiling of the stoichiometry of all 13 proteins present in the HAdV. We also used this method to probe the release of specific virus proteins initiated by thermal stimulation, mimicking the early stage of HAdV disassembly during entry into host cells. We confirmed the copy numbers of the most well characterized viral capsid components and established the copy numbers for proteins whose stoichiometry has so far not been accurately defined. We also found that heating HAdV induces the complete release of the penton base and fiber proteins as well as a substantial release of protein VIII and VI. For these latter proteins, maturational proteolysis by the adenoviral protease leads to the differential release of fragments with certain peptides being fully released and others largely retained in the AdV particles. This information is likely to be beneficial for the ongoing interpretation of high resolution cryoEM and x-ray electron density maps.
Adenoviruses (AdVs) 7 are large (ϳ150 MDa protein content), double-stranded DNA viruses found in all vertebrates (1) . Human AdVs (HAdVs) are normally associated with mild infections but can cause potentially severe disease in immunocompromised individuals. First isolated in the early 1950s, HAdV has served as a model virus to elucidate the molecular basis of viral structure, replication, and pathogenesis (2) (3) (4) , with notable contributions to the field of eukaryotic molecular biology (5, 6) . Most importantly, HAdVs are broadly employed in molecular biotechnology as gene delivery vectors and DNAbased vaccine vehicles (7, 8) . Nevertheless, these applications are partly hampered by the immune response elicited by the capsid proteins, as well as the difficulty in targeting specific cell types. Structure-based redesign for vector cell targeting and alteration of antigenic properties is therefore needed, but this requires a detailed knowledge of the HAdV structure. The recently reported crystal structure (2) and high-resolution cryoelectron microscopy reconstruction (3) of intact HAdV have provided a more detailed molecular model of the structure and assembly of the HAdV particle (Fig. 1) ; however, a complete and accurate assignment of all capsid proteins is still lacking. The structure of the outer capsid is mostly well defined, but the stoichiometry and structure of the inner capsid and core proteins, many of them interacting with the DNA, remains elusive. HAdV assembles from 13 distinct proteins to form an icosahedral capsid (9) . The main components are the 240 trimers of protein II (hexon) that comprise the faces and edges of the capsid structure. Polypeptide III (penton) is present in 60 copies and forms 12-penton base complexes centered on the 12 vertices of the icosahedron. Extending outward from each penton base are 12 polypeptide IV (fiber) trimers (10) . The locations, interactions, and stoichiometries of these three proteins are revealed in the crystal structure and EM models. However, HAdV particles contain 10 additional proteins, for which precise structural information remains unclear. Four minor cement proteins are primarily associated with the capsid shell proteins IIIa, VI, VIII, and IX. The genomic core of the virion is associated with six additional proteins, i.e. V, VII, Mu, IVa2, terminal protein, and the 23K maturational protease. An amazing attribute of one of these cement proteins, VI, is that it serves several other crucial functions in the virus life cycle (11) (12) (13) . Table 1 summarizes key characteristics of the proteins known to be present in HAdV particles. Developing a method to determine the exact stoichiometry for all of the HAdV proteins is likely to be beneficial to improving the x-ray and EM models of HAdV. MS-based proteomics techniques have emerged as the method of choice to characterize the protein content of a given biological sample (14 -16) . Recent developments in new analyzers (17) (18) (19) and fragmentation methods (20, 21) dramatically increased MS sensitivity, accuracy, and sequencing speed. Consequently, the characterization of several thousands of proteins expressed in complex biological samples (e.g. mammalian cells or tissues) is achievable employing two-dimensional chromatography strategies or even in a single shotgun LC-MS analysis (22, 23) . A variety of methods have focused on the relative quantification of protein expression, defining protein level changes in two (or more) samples or conditions. Although typical MS-based methods can accurately detect expression changes of thousands of proteins, the estimation of their absolute abundance (e.g. essential to define the stoichiometry of a protein in a protein complex) remains a much more challenging task. The most commonly used approach relies on reference peptides that contain heavy isotope labels and are further chemically identical to the original peptides (so-called AQUA peptides (24) ). Relying on a subset of specific peptides, absolute protein quantification can be best approached by targeted proteomics strategies. Selected reaction monitoring (SRM) has emerged as a method to quantitatively assess the abundance of not only small molecules but also a targeted set of proteins. SRM assays are typically performed by LC-MS/MS employing triple quadrupole mass spectrometers. In this approach, the selectivity of two mass filters is applied to target a specific peptide via the combination of its precursor ion m/z and multiple diagnostic collision-induced dissociation fragment ions (named peptide transitions), along with the specific peptide retention time. This setup allows targeting of specific peptides even in complex samples and removes most of the background chemical noise, increasing both sensitivity and dynamic range (25) . To design an SRM assay, the transitions specific for each quantified peptide needs to be extracted from shotgun MS/MS spectra or, if available, from public repositories (26 -28) . Here, we employed a combination of shotgun and targeted proteomics to characterize the HAdV (Ad5F35) proteome (Fig. 2) . We first used high resolution LC-MS/MS analysis, employing three different proteases (trypsin, chymotrypsin, and Lys-N (29)) to improve coverage of all proteins present in the HAdV particles, with the aim to evaluate intrinsic adenovirus proteinase activity and to select the best peptide candidates for downstream SRM HAdV from intact and heat-stressed particles were purified by HistoDenz density gradients. A first analysis was performed by combining shotgun LC-MS/MS analysis with multiple proteases for protein digestion. This analysis was used to identify all HAdV proteins with high sequence coverage, identify AVP cleavage sites, and build a spectral library from which we selected the peptides employed in the SRM assay. Using these assays, we quantitatively profiled the stoichiometry of all 13 proteins present, as well as their (partial) release upon heat stress.
assays. Next, we developed a SRM assay to define the copy number of each of the 13 detected HAdV proteins and further applied this method to monitor the changes occurring in HAdV upon heat-induced virion disassembly that mimics a key step in host infection (11, 30 -32) .
EXPERIMENTAL PROCEDURES
Adenovirus Preparation-Replication-defective HAdV type 5 pseudotyped with the HAdV type 35 fiber (Ad5F35) was purified as described previously (33) using cesium chloride density gradients. The virus was dialyzed into DX10/10 buffer (40 mM Tris, pH 8.1, 500 mM NaCl, 10% glycerol, 10% ethylene glycol, 2% sucrose, and 1% mannitol). Partial capsid disassembly was achieved using thermal perturbation (34, 35) . Briefly, Ad5F35 (5 mg) was diluted in 7.5 mM HEPES, 50 mM NaCl, pH 7.4, divided into 6 ϫ 500 l aliquots, and incubated at 55°C for 15 min. The released proteins were isolated from the intact particles and viral cores by density sedimentation on discontinuous histodenz gradients (30 -80%).
Capsid Disassembly Measured by DNA Exposure Following Thermal Treatment-For DNA exposure experiments, 5 g of Ad5F5 (HAdV5) or Ad5F35, in 10 l A195 buffer, was mixed with 5 l of Pico Green (Invitrogen), diluted 1:20 in A195 buffer and transferred to a 96-well RT-PCR plate (Bio-Rad). Triplicate samples were heated for 1 min in a Bio-Rad CFX96 real-time PCR system from 37-55°C in 0.5°C increments. Data collection was done with Channel 1/FAM settings (450 -490 nm excitation and 510 -530 nm emission). Measurements of capsid disassembly via immunoblot with antibodies to protein VI or fiber was done as described previously (34, 35) .
Protein Extraction and Digestion-For LC-MS analysis, purified HAdV particles were resuspended in 50 mM ammonium bicarbonate, 5% (w/v) sodium deoxycholate (Sigma Aldrich) and heated at 90°C for 5 min to disrupt the virus particles. Proteins (ϳ200 g) for each enzymatic digestion were first reduced using dithiothreitol (DTT, Sigma Aldrich) for 30 min at 56°C and then alkylated by iodoacetamide (Sigma Aldrich) for 30 min in the dark. Samples were diluted such that the final concentration of sodium deoxycholate was 0.5%, followed by enzymatic digestion overnight at 37°C employing three different proteases in parallel. Trypsin (Promega) and chymotrypsin (Roche Applied Science) were added in a substrate/enzyme ratio of 50:1 (w/w), whereas LysN (U-Protein Express, The Netherlands) was added in a substrate/enzyme ratio of 75:1. Digestion was quenched by acidification with trifluoroacetic acid (TFA, Sigma Aldrich) to a final concentration of 0.5%. Sodium deoxycholate removal was performed by liquid-liquid extraction. Briefly, samples were diluted two times with ethyl acetate, vortexed for 30 s, and then centrifuged at 20,000 ϫ g for 1 min. The peptide-containing aqueous phase at the bottom of the Eppendorf tubes was recovered and desalted by solid phase extraction (Sep-pack Vac C18 cartridges, Waters). Desalted peptides were eluted in 80% acetonitrile, dried in a SpeedVac, and then resuspended in 10% formic acid solution. Sample digests from all three proteases were used for a shotgun experiment, whereas solely tryptic samples were analyzed by SRM and shotgun label-free quantification analyses.
Shotgun LC-MS Analysis-Sample digests from the three proteases were analyzed separately by a single LC-MS/MS run. We performed nanoflow LC-MS/MS using either an LTQ-Orbitrap XL coupled to an Agilent 1200 HPLC system (Agilent Technologies), an LTQ-Orbitrap Elite, and Orbitrap Q-exactive mass spectrometers (Thermo Electron, Bremen, Germany) coupled to a EASY nLC 1000 system (Thermo Fisher Scientific). Approximately 40 ng of digested HAdV was delivered to a trap column (ReproSil C18, (Dr. Maisch, GmbH, Ammerbuch, Germany); 20 mm ϫ 100 m inner diameter, packed in-house) at 5 l/min in 100% solvent A (0.1 M acetic acid in water). Next, peptides were eluted from the trap column onto an analytical column (ReproSil-Pur C18-AQ (Dr. Maisch, GmbH, Ammerbuch, Germany); 40 cm in length, 50-m inner diameter, packed in-house) at ϳ100 nl/min in a 60 min or 3 h gradient from 0 to 40% solvent B (0.1 M acetic acid in 8:2 (v/v) acetonitrile/water). The eluent was sprayed via distal coated emitter tips. The mass spectrometers were operated in data-dependent mode, automatically switching between MS and MS/MS. In the LTQ-Orbitrap XL and LQT-Orbitrap Elite, the full-scan MS spectra (from m/z 350 to 1500) were acquired in the Orbitrap analyzer with a full width at half maximum resolution of 30,000 and 60,000 at 400 m/z. After the survey scans, the 10 most intense precursor ions at a threshold above 5000 were selected for MS/MS. Peptide fragmentation was carried out using a decision tree performed by collision-induced dissociation or electron transfer dissociation, depending on their charge state and mass. In both of the fragmentation methods employed, the fragment ions readout is in the ion trap analyzer. In the Q-exactive orbitrap full-scan MS spectra (from m/z 350 to 1500) were acquired with a full width at half maximum resolution of 35,000 at 400 m/z. After the survey scans, the 10 most intense precursor ions at an intensity threshold Ͼ4200 were selected for MS/MS. Peptide fragmentation was carried out by higher collisional dissociation with a normalized collision energy of 25.
Bioinformatic Analysis-MS raw data from the shotgun LC-MS/MS analyses was processed by Proteome Discoverer (version 1.3, Thermo Electron). Peptide identification was performed with Mascot 2.3 (Matrix Science) against a concatenated forward-decoy UniPROT database, including the HAdV protein sequences and supplemented with all of the frequently observed contaminants in MS. The reversed sequences (decoy) were created for each protein entry present in the forward database and were employed to calculate the false discovery rate (36) and therefore to adjust the filtering criteria. The following parameters were used: 50 ppm precursor mass tolerance, 0.6 Da (for collisioninduced dissociation and electron transfer dissociation spectra) and 0.05 Da (for higher collisional dissociation spectra) fragment ion tolerance. To evaluate the adenovirus proteinase activity, we allowed the identification of peptides containing one nonspecific cleavage and a maximum of two missed cleavages. Carbamidomethyl cysteine was allowed as fixed modification, whereas oxidized methionine and protein N-terminal acetylation were set as variable modifications. Finally, results were filtered using the following criteria: (i) mass deviations of Ϯ6 p.p.m., (ii) Mascot ion score of at least 20, (iii) a minimum of six amino acid residues per peptide, and (iv) position rank 1 in Mascot search. As a result, we obtained peptide false discovery rates below 1% for each of the three peptide mixtures analyzed.
Label-free Quantification-Label-free quantification of protein abundances was performed by calculating the area under the curve for each precursor ion identified as a peptide mapping to one of the pVI or pVIII proteolytic products. The area under the curves for these specific peptides were calculated by Proteome Discoverer (version 1.3, Thermo Electron) and used to compare the peptides abundance in the heated versus intact HAdV to calculate the ratios.
SRM Analysis-For each of the HAdV proteins, we aimed to select up to three peptides based on the following criteria: (i) absence of nonspecific or missed cleavages, (ii) absence of methionine residues, and (iii) fragmentation efficiency. SRM transitions were created using Skyline software (37) from the Orbitrap Q-exactive higher collisional dissociation spectral library. Synthetic stable isotope-labeled peptides with a C-terminal 15 N-, and 13 C-labeled arginine or lysine residue (Ͼ99 atom % isotopic enrichment) were purchased from Thermo Fisher Scientific (Ulm, Germany). For each synthetic peptide, 100 pmol were spiked into 50 g of HAdV protein digests before LC-MS quantification. A total of 33 peptides and 210 transitions were employed for the whole assay. The LC-MS/MS was performed using a TSQ Vantage triple quadrupole (Thermo, San Jose, CA) coupled to an EASY nLC 1000 system (Thermo Fisher Scientific). Approximately 40 ng of digested HAdV are delivered to a trap column (ReproSil C18, (Dr. Maisch, GmbH, Ammerbuch, Germany); 20 mm ϫ 100 m inner diameter, packed in-house) at 5 l/min in 100% solvent A (0.1 M acetic acid in water). Next, peptides eluted from the trap column onto an analytical column (ReproSil-Pur C18-AQ (Dr. Maisch, GmbH, Ammerbuch, Germany); 40-cm length, 50-m inner diameter, packed in-house) at ϳ100 nl/min in a 60-min gradient from 0 to 40% solvent B (0.1 M acetic acid in 8:2 (v/v) acetonitrile/water). The triple quadrupole mass analyzer setup was configured to perform MS/MS scans triggered on each target peptide according to their scheduled retention time window (3 min). Q1 and Q3 peak width set at 0.7 Da, and the cycle time corresponds to 1.8 s. The triple quadrupole collision energy was calculated according to the following equations: CE ϭ 0.03ϫ (m/z) ϩ 2.905 and CE ϭ 0.038ϫ (m/z) ϩ 2.281 (CE indicates collision energy and m/z indicates mass to charge ratio) for doubly and triply charged precursor ions, respectively. The area for each peptide peak was calculated by using Skyline software (37) . The quantification was then performed by comparing the area for each of the endogenous peptides, in comparison with the area of the corresponding heavy standard peptide added to the HAdV digest in known amount.
RESULTS

In-depth HAdV (Ad5F35) Proteome Profiling by Shotgun LC-MS/MS-
The first aim in this study was to extensively identify and sequence the proteins present in HAdV particles using shotgun high resolution LC-MS/MS analysis. Despite the moderate complexity (supposedly 12-13 proteins) and middling dynamic range in protein abundance (ranging from 2 to ϳ850 copies) in the HAdV proteome, we observed that full protein coverage could not be reached for each protein of HAdV when employing exclusively the commonly used protease trypsin. This issue was related to the primary structure of certain proteins or protein domains. In some HAdV proteins, the low frequency of arginine (Arg) and lysine (Lys) results in long and hydrophobic tryptic peptides, while in other proteins, the high frequency of R residues results in small, hydrophilic tryptic peptides that are all easily missed in LC-MS/MS analysis. To improve sequence coverage of all HAdV viral proteins, we employed a multiprotease digestion strategy (38, 39) from which the results are summarized in Fig. 3 and supplemental Fig. 1 , and supplemental Table 1 . We were able to confidently identify 13 HAdV proteins with an average sequence coverage of 90%, achieving near full sequencing (99%) for four of these (hexon, penton base, VI, and IX). Of the three enzymes employed, trypsin provided the highest coverage, with average sequence coverage of 73%, compared with 65 and 44%, respectively for chymotrypsin and LysN. The strategy of using multiple proteases clearly improved the comprehensiveness of our analysis, leading to an average increase of 15% sequence coverage with the highest increases for the terminal protein IVa2 and the AVP (Fig. 3) . Importantly, the use of multiple proteases was highly beneficial in the characterization of AVP proteolytic cleavage sites in the different capsid proteins. AVP plays a pivotal role in AdV maturation, processing multiple procapsid preproteins to generate infectious virus particles. HAdV precursor proteins targeted by AVP include pIIIa, pVI, pVII, pVIII, pX, and pTP (40 -43) . Accordingly, we identified AVP-mediated cleavage events in the proteins pVI, pVIII, pVII, and pIIIa, identifying multiple peptides from each of them using either tryptic, chymotryptic, and LysN digestion (Fig. 4) . Detecting these cleavage sites in separate experiments using complementary proteases indicates the likelihood that they are present in HAdV.
Determination of the Stoichiometry of Proteins in HAdV (Ad5F35)-To define the stoichiometry for each of the viral proteins we developed a targeted SRM assay, relying on reference peptides that incorporate heavy isotopes (AQUA peptides (24) ). The selection of the peptides employed in this assay was based on their chemo-physical properties and fragmentation efficiency retrieved from our shotgun experiments (see "Experimental Procedures" and supplemental Fig. 1 ). We could select a total of 33 peptides to quantify the 13 identified HAdV proteins, which corresponded to a total of 210 transitions monitored. Protein quantification was performed in two biological replicates, with a peptide coefficient of variability within 5%, underlining the high intrinsic accuracy of the method (supplemental Table 2 ). To calculate the protein copy number of the different proteins in the virion, we normalized the SRM quantification using the known copy number of the penton base protein (60 copies) as a reference, for which the exact stoichiometry has been accurately established with radiolabeling experiments (44) and high-resolution crystal structure and EM models (2, 3) . The copy numbers that we experimentally determined for each of the HAdV proteins, averaged over two independent biological replicates, as well as the literature reported copy numbers are provided in Fig. 5 and Table 1 . Notably, the copy numbers determined by SRM were in good agreement with the copy numbers reported for the seven HAdV proteins whose copy numbers have been most accurately established (hexon, penton base, fiber, IIIa, VI, VIII, and V). The copy number of most of the other viral proteins is either not available or has been only roughly estimated. For this set of proteins, our measurements suggested that the copy numbers of protein VII and AVP were ϳ40% lower compared with the previously estimated values. We obtain the first firm experimental evidence for the presence of five to six copies of the protein IVa2, a molecule crucial in packaging of the viral genome (45) . Proteins , TP, and IX were, according to our data, unexpectedly more abundant than estimated. Unfortunately, for TP and IX, we observed significant variability between the values for the three individual SRM peptides (supplemental Table 2 ), hampering the ability to make an accurate estimate. In these cases, the accuracy of SRM quantification might be affected by incomplete digestion of the target protein, partial artifactual modification, and/or partial loss of the synthetic standard during the analysis. Ideally, including more peptides for the quantification of each protein would make the SRM quantification more comprehensive and improve the identification of these outlier peptides. However, considering the strict parameters to take into account when selecting SRM peptide candidates (e.g. absence of missed cleavages and/or amino acids that are prone to oxida- tion, etc.), this might be practically unfeasible for some proteins. An extreme example was provided by , a small protein (4 kDa) for which we could, based on the criteria mentioned above, select and quantify only one peptide.
Heat-induced Release of Proteins in HAdV (Ad5F35)-HAdV host infection is a process that involves a complex series of molecular events that can be divided in three main steps: (i) the binding of fiber and penton base proteins to host cell receptors, (ii) virus internalization through receptor-mediated endocytosis, triggering partial capsid disassembly to facilitate protein VI-mediated escape from the low pH endosomal compartments, and (iii) the transfer of viral genome into the host nucleus. Monitoring in vivo of the structural changes taking place upon virus internalization has been challenging. However, several methods have been developed to mimic these structural changes in vitro. One of the most established method employs the thermal treatment of HAdV particles at 55°C, which induces the release of proteins at the capsid vertices (i.e. the penton base and fiber protein), generating a structure that has been proposed to persist in the acidic environment of the endosome and is sufficiently stable enough to protect the virus genome during its journey to the nucleus (11, 30 -32) . The best conditions to perform the thermostability assay were determined by monitoring the DNA accessibility on adenovirus type 5 capsids equipped with either the type 5 or type 35 fiber protein at different temperatures (Fig. 6) . The results indicate both Ad5F5 (HAdV5) and Ad5F35 exhibit maximal accessibility to a DNA-binding fluorescent dye (Pico Green) at 55°C and that this correlates very well with the release/degradation of protein VI and fiber during the earliest stage of cell infection (46) . To accurately define which proteins are released upon heat treatment, and to what extent, we applied our SRM method to measure the difference in protein abundance between the intact and the thermally treated HAdV particles (Fig. 2) . Our data revealed that the penton base and fiber proteins had been completely released in the heated particles (Fig. 7a and Table 2 ). We also found that proteins VI, VIII, , and IIIa are substantially released (by ϳ50%), whereas the hexon was released to a lower Fig. 7a and Table 2 ). All three peptides monitored for the cement protein VI showed a 40 -60% decrease in the SRM quantification, indicating that ϳ50% of protein VI is released upon heating. Similarly, all three monitored peptides for protein IIIa decreased by ϳ50%. Interestingly, two of three peptides monitored for the cement protein VIII reduced as much as the penton base and fiber (i.e. more than 30-fold), in sharp contrast the third peptide monitored was only reduced by a factor of 2 (Fig. 7b) . As we described above, pVIII contains two AVP cleavage sites (Figs. 4 and 7c) . Therefore, the N and C termini, as well as the core domain, could better be considered as distinct entities, which may play different roles during host infection or virus particle assembly. Each of the three VIII peptides monitored by SRM belong to three distinct VIII fragments resulting from the AVP activity (Fig. 7c) . To validate further this apparent differential release of VIII fragments, the heat-induced differential release of the three VIII fragments was additionally analyzed by label free quantification using LC-MS/MS. Comparing the precursor ion intensity of each identified peptide relative to each fragment of VIII clearly confirmed the SRM results (Table 3 and supplemental Table 3 ). We found a similar behavior for VI, in which the amount of N-terminal fragment released was six times higher compared with the VI core domain. The VI N-terminal fragment was also shown to be released in complex with peripentonal hexons (52) . The partially released proteins VI, VIII, and IIIa have been proposed to be located near the capsid vertices and to interact with the penton base proteins (2, 3) , which may explain their partial release upon heating. Release of some of these proteins, particularly the putative membrane lytic VI, is critical for the endosomal lysis and release of partially disassembled virions into the cytoplasm and their eventual transport into nucleus (11, 47) .
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DISCUSSION
Here, we used different MS-based approaches to profile indepth the HAdV proteome, to define the stoichiometry of its proteins and to monitor changes occurring during heat-initiated disassembly mimicking in vitro infection models. Nearly full sequencing of the HAdV proteome was achieved, which required three complementary proteases for enzymatic digestions. The multiprotease approach allowed us to obtain an average increase of 70% sequence coverage compared with a previously reported HAdV proteome analysis by two-dimensional LC-MS (48) and to identify unambiguously the presence of three additional proteins (IVa2, X, and TP) as components of the HAdV, which are present at relatively low copy numbers. We also confidently identified a total of six AVP cleavage sites in four HAdV proteins using peptide-based evidence from different protease digests. We next used this in-depth proteome map of HAdV to develop a SRM based-method to define the stoichiometry of each protein in HAdV. We were able to select the optimal peptide candidates to be employed in the SRM assay based on their chemo-physical properties and fragmentation efficiency. The SRM based quantification of the copy numbers of each individual HAdV protein correlated well with the copy number extracted from crystal and EM-derived models and structures (2, 3) . Our data complemented these models, providing better estimates on copy numbers of inner (cement and core) HAdV proteins. Another key aspect of our approach is that it can be applied to accurately define the protein abundance under two different conditions. For instance, one of the most intriguing questions concerns the elucidation of the structural rearrangements taking place in the virus upon its internalization by the host cells. Because performing this analysis in vivo represents a challenge, in vitro models are typically used to mimic these structural changes. One of the applied models is based on the release of the capsid vertices upon thermal stress (11, 30 -32). We employed our SRM method to compare protein levels in intact and heated viruses. The data clearly demonstrated the release of the capsid vertices observed earlier (30, 49) and revealed the extent to which additional capsid proteins are released. Moreover, we showed evidence for a strong release of the terminal domains of pVI and pVIII generated by AVP mediated cleavage, suggesting a possible role of these protein fragments in escape from the endosome to the host cytosol. We suggest that our approach could be further employed to monitor structural changes in different in vitro models and possibly also in in vivo experiments, ultimately leading to a better understanding of the mechanisms involved in the infection process. We believe that this work opens up a better avenue for characterizing virus by MS, thereby allowing a useful comparison to structural models as well as correlation with events occurring in virus infection. The y axis represents the protein ratios of heat-stressed/intact virus in log 2 scale, and the error bars represent the relative S.D. b, fold change in the abundance of various segments of protein VIII, generated by the HAdV protease: peptides 1 and 3 are fully released, whereas peptide 2 is only marginally released. c, the protein domain in which these peptides reside suggest that only the N-and C-terminal segment of protein VIII are completely released.
TABLE 2
The percentage of protein released from intact HAdV upon mild thermal stress
The amount of released protein was calculated averaging over the three peptides included per protein in the SRM assay. For proteins V, TP, AVP, and IVa2, only two peptides could be used. For the 4-kDa protein, only a single peptide could be selected. See supplemental Table 2 for detailed results and statistical information on each individual peptide used in the SRM assay. 
Polypeptide Released amount (%)
TABLE 3
HAdV proteins VI and VIII exhibit a segmented release upon heat stress
For proteins VI and VIII, evidence was found both in the SRM assays as well as in the label-free quantification that selected regions were differentially released, whereby the terminal ends were more released then the core part of the proteins. These terminal stretches correspond to regions generated by the ADV protease. The table shows the amount of protein segment released by comparing the precursor areas for each of the identified peptides mapping to a specific segment of protein VI and VIII. For details, see also supplemental Table 3 .
Protein domain Released amount (%)
VI N-terminal 94.8 VI core 66 VIII N-terminal 98.6 VIII core 82.7 VIII C-terminal 99.7
